A first principles calculation is performed on the electronic properties of XGaO 3 (X = Pu, Ce) systems by combination of density functional theory with dynamical mean field theory. The results show that PuGaO 3 has strong valance fluctuation, i.e., mixed-valent state, with an average occupancy of 5f electrons n f = 4.6695 as a consequence of mixture of 5f 4 and 5f 5 atomic configurations in the ground state. Similar work on CeGaO 3 indicates that it is a semiconductor with a band gap of 2.7409 eV and with an average occupancy of 4f electrons n f = 1.0858. In contrast to PuGaO 3 , Ce 4f j = 5/2 and j = 7/2 states both exhibit insulating features.
Introduction
In condensed matter physics, researchers renew intensive interests in plutonium (Pu) element owing to its unique position in actinide series, i.e., on the boundary between the early actinides with itinerant 5f electrons and the late actinides with localized 5f electrons, in analogy to its counterpart in lanthanide series-cerium (Ce). At ambient condition, elemental Pu exists in six stable allotrope phases, i.e. α, β, γ, δ, δ′ and ε phases, between room temperature and its melting point at around 913 K [1] . However, hightemperature malleable δ phase Pu can be retained at ambient temperature by addition of certain trivalent dopants [2, 3] , e.g., Ga, Al and Am. Thermodynamically, metastable δ phase Pu-Ga alloy would transform into a metastable monoclinic α′ martensite through δ → α′ isothermal martensite transformation, which would result in above 20% volume collapse due to 5f electrons change from the localized state (δ phase) to the itinerant state (α′ phase). On the electronic scale, this phase transformation is associated with a quantum mechanical superposition of the localized and itinerant electronic configurations in Pu-Ga alloy [4] [5] [6] . For disassemble of the weapon-grade Pu-Ga alloy into Pu oxide fuel, solvable Ga atoms might form an intermediate perovskitelike compound-PuGaO 3 [7] [8] [9] . Experimentally, the lattice structure of PuGaO 3 is not yet determined [7] . Additionally, experimental observations on this Pu-based system are rather limited due to its high chemical activity, toxicity, radioactivity and instability of lattice structure [10] [11] [12] [13] . For this reason, as pointed out by the previous reports [7] [8] [9] , experimental observation and/or theoretical simulation on a surrogate for PuGaO 3 , such as CeGaO 3 , might be a feasible approach. On the experimental side [9] and the theoretical side [7] , an orthorhombic structure for CeGaO 3 with the space group of Pnma was identified. Recently, Li et al. [7] and Stan et al. [9] have studied the stability, chemical bonding, and lattice dynamics properties of PuGaO 3 and CeGaO 3 . Note, however, that these reports have not considered the localized and itinerant states of f electrons on the same footing, while this dual characteristic might be essential for correct description of potential mixed-valent states in Pu-and Ce-based systems. Moreover, all density functional theory (DFT)-based schemes can not deal with the dynamical correlation effect arising from the spin and orbital degree of freedom, as a consequence, DFT + U method with on-site Hubbard parameter U for capturing the correlated effect due to the partially filled d/f orbitals, might be only suitable for the static spin and orbital correlation rather than the dynamical correlation effect. Therefore, in this work, we employ a many-body method merging DFT with dynamical mean field theory (DMFT), the so-called DFT + DMFT scheme [14] [15] [16] [17] , to revisit the electronic properties of PuGaO 3 and CeGaO 3 , and focus on the valence fluctuation and dual characteristics of f electrons in these two correlated systems.
Theory
For the correlation effect due to Pu 5f and Ce 4f electrons in PuGaO 3 and CeGaO 3 , Pu 5f and Ce 4f states are viewed as the local correlated orbitals and treated dynamically within the DMFT loops. The remaining states including spd states are implemented at the static mean field level by the DFT cycle. LDA + DMFT calculation is carried out by using the EDMFTF code developed by Haule et al. [16] [17] [18] , while DFT loops are implemented via the full-potential linear augmentation plane wave (FP-LAPW) method within WIEN2K18.1 code [18] .
For the lattice structure and the magnetic configuration, PuGaO 3 and CeGaO 3 are both in the space group of Pnma and the paramagnetic (PM) order. For the DFT calculation, the cutoff parameter is R mt × K max = 9.0. In the interstitial region, the charge density and the potential are expanded as a Fourier series with wave vectors up to G max = 14 a.u. −1 . The muffin-tin radii values are set to be 2.5 Bohr, 2.4 Bohr, 2.2 Bohr and 1.6 Bohr for Pu, Ce, Ga and O atoms, respectively. We use the local-density approximation (LDA) for the exchange-correlation potential and the self-consistency loop is implemented with 3375 k points in the full Brillouin zone. For Pu 7s, 6p, 6d, 5f, Ce 6s, 5p, 5d, 4f, Ga 4s, 4p, 3d and O 2s, 2p valence states, relativistic effects could be included either in a scalar relativistic treatment and/or with the second variational method including spin-orbit coupling (SOC), while the core states are treated fully relativistically.
For DMFT loops, solving the effective impurity model within DMFT is the most time-consuming part of the DFT + DMFT loop, we employ the continuous-time quantum Monte Carlo (CT-QMC) method due to its generality and accuracy which allow us to sample the Matsubara frequency at finite temperatures, rather than 0 K typical for DFT-based techniques [19] . The charge convergence and energy convergence are set to 1 × 10 −6 e and 1 × 10 −6 Ry, respectively. We use 2 × 10 7 Monte Carlo sweeps throughout our calculations. The rotation-invariant version is used for the density-density Coulomb repulsion, which is screened by the dielectric function in real space. For the Coulomb interaction parameters, we use the on-site Coulomb repulsion U = 5.5 eV and 5.0 eV, and Hund's exchange coupling J = 0.5 eV and 0.8 eV for Pu and Ce atoms, respectively. The exact double-counting correction is employed in order to cancel out the double-counting issue inherent in DFT + schemes. For DMFT part, we also consider the SOC effect that is responsible for the multiplet structure in the vicinity of the Fermi level and the splitting of Pu 5f and Ce 4f shells into two manifolds or subshells with total angular momentum of j = 5/2 and j = 7/2, respectively [19] . The single-particle Green function is expanded in the FP-LAPW basis and the single-particle Green function is self-consistently determined including the self-consistent electronic charge [16] . In DMFT solution, implementation is carried out the complex energies in terms of Matsubara frequencies iω n . For this reason, In order to extract the self energy on the real axis and the spectra function for real energies, an analytical continuation is carried out with the maximum entropy method (MEM). All LDA + DMFT calculations are performed at temperature T = 300 K.
Results and discussion

PuGaO 3
In DFT + DMFT calculation, the self-energy Σ(iω) could shed light on the correlation strength in the strongly correlated systems. In principle, from the slope of the imaginary part of the self-energy close to the zero energy one could extract the quasi-particle weight [20] where m*/m is the mass enhancement of the electron arising from the electronic correlation in Pu 5f j = 5/2 (j = 7/2) subshells, and Z the quasi-particle weight. As shown in Fig. 1 , we give the quasi-particle weights for Pu 5f j = 5/2 and j = 7/2 states are Z = 0.2891 and Z = 3.4651, respectively. This result establishes that j = 5/2 and j = 7/2 states are in the moderately and weakly correlated regimes, respectively. According to the angular moment coupling scheme [20] , jj coupling scheme might be more reasonable for PuGaO 3 system as compared to the Russel-Saunders (LS) coupling or the intermediate coupling (IC).
As shown in Fig. 2 , the imaginary part of the impurity Green functions for Pu 5f j = 5/2 and j = 7/2 states indicates that both components exhibit metallic characteristics, which is in agreement with j = 5/2 and j = 7/2 orbital-projected density of states (DOS) shown in Fig. 4b .
To elucidate the relationship between the electronic structure and the local atomic environment in PuGaO 3 , we also estimate the hybridization strength between the correlated 5f electrons in Pu 5f j = 5/2 and j = 7/2 subshells with spd electrons, which is given by the Matsubara frequency-dependent hybridization function [21] (1)
where Δ(ω) denotes the self energy arising from the hybridization of Pu 5f electrons with spd electrons, as shown in Fig. 3 . The hybridization function could be divided into three regimes, i.e., −8.0 to − 1.0 eV, −1.0 to 4.0 eV and 4.0-11.0 eV. Pu 5f electrons strongly hybrid and/or mix with spd electrons in the energy intervals of − 8.0 to 1.0 eV and 4.0-11.0 eV, which is agreement with the spectrum function shown in Fig. 4a . The total density of state (DOS), Pu 5f orbital-projected DOS, spd orbital-projected DOS and Pu 5f j = 5/2, j = 7/2 partial density of state (PDOS) are shown in Fig. 4a, b . spd electrons play a significant role in the spectrum function ( Fig. 4a ), implying that spd states strongly hybridize and/ or mix with Pu 5f states, which is in good agreement with the hybridization function shown in Fig. 3 . For Pu-based systems, the spectrum characteristics around the Fermi level might shed more light on details of the electronic structure. As shown in Fig. 4b , five coherent quasi-particle peaks, corresponding to Pu 5f j = 5/2 and j = 7/2 components and exhibiting the quantum many-body effect of 5f electrons, are in the vicinity of the Fermi level, this result indicates that PuGaO 3 is a metal, which is in agreement with the imaginary part of the impurity Green function shown in Fig. 2a , b, however, in contrast to DFT + U estimation of Li et al. [7] , they have predicted PuGaO 3 (anti-ferromagnetic configuration, AFM) to be an indirect band gap semiconductor with a band gap of 2.46 eV at the Γ point. This discrepancy might arise from different computational schemes and magnetic orders in these two papers. As stressed by Ren et al. [22] , in principle, long-range magnetic order has no significant influence on the valence band photoemission spectra [23] and the electron density distribution [24] . For this reason, an artificial trick that application of long-range magnetic order including AFM order in a first principles Fig. 3 Imaginary part of the hybridization function normalized by − π for Pu 5f j = 5/2 and j = 7/2 states in PuGaO 3 calculation for strongly correlated system aiming at lowering its total energy might give unsatisfactory result. In addition, DFT + U method employed in the work of Li et al. [7] , corresponding to the static limit of DMFT method and dealing with the strong local electronic correlation of Pu 5f states within a static mean-field way, might not correctly capture the strongly localized dynamical nature of these states in PuGaO 3 . The broad satellite peak locating at 1.9 eV might originates from 5f 4 → 5f 5 transition, transfer of the spectrum weight from the resonance peak locating at 6.0 eV, and the hybridization of Pu 5f electrons with spd electrons. Pu 5f spectrum weight dominates in the vicinity of the Fermi level, and exhibits the spectrum characteristics of multiple peaks, showing that 5f states in PuGaO 3 might be essentially itinerant. On the other hand, localization of 5f states is also clearly seen in the resonance peak. To this end, PuGaO 3 might essentially be in a mixed-valent state, and crossover the localized and itinerant states, which is consistent with the occupancy analysis shown in Table I and Fig. 5 . Therefore, itinerant 5f electrons form the quasi-particle peaks close to the Fermi level. Meanwhile, 5f electrons are also allowed to preserve their atomic characteristics [5] , and give rise to the resonance peak in the spectrum function shown in Fig. 4b .
For the occupancy of Pu 5f electrons in Pu-based systems, resonant x-ray emission spectroscopy (RXES) and X-ray absorption near-edge structure (XANES) spectroscopy conducted by Booth et al. [25] have demonstrated that there exist multi-configurational 5f states in elemental Pu and its compounds. In DFT + DMFT scheme, the solution of the DMFT impurity model allows one to describe this mixedvalent states, and capture the valence fluctuation between different atomic configurations [26] . The occupancy probability for 5f m (m = 3, 4, 5 and 6) atomic configurations are summarized in Table 1 and Fig. 5 . From the occupancy probability one can see that Pu 5f electrons mainly have double configurations, i.e., 5f 4 and 5f 5 configurations with an average 5f occupancy of n f ≈ 4.6695. This result allows us to speculate that PuGaO 3 is in a mixed-valent state exhibiting strong valence fluctuation, and Pu 5f electrons have dual characteristics, i.e., on the boundary between the localized and itinerant states. In principle, as summarized in Table  I , this mixed-valent state originates from the main admixture of two different 5f 4 and 5f 5 atomic configurations in the ground state, which is a quantum superposition of two distinct atomic valences analogous to pure δ phase Pu [5, 19] . Additionally, the fractional occupancy allows us to recall the resonance peaks shown in Fig. 4b , of which contribution arises from admixture of 5f 4 atomic configuration into 5f 5 atomic configuration and/or the 5f 4 → 5f 5 transition. In order to directly compare with experimental angleresolved photoemission spectrum (ARPES), we also evaluate the momentum-resolved electronic spectrum function, as shown in Fig. 6 . Two flat bright stripes in the Fermi energy correspond to the coherent quasi-particle 5f peaks, while a somewhat dark stripe centered at around 1.9 eV actually corresponds to the resonance peaks, as shown in Fig. 4b .
CeGaO 3
As mentioned above, from the slope of the imaginary part of the self energy close to the zero energy ( Fig. 7) in CeGaO 3 we can extract the quasi-particle weights for Ce 4f j = 5/2 and j = 7/2 states, i.e., Z = 0.1901 and Z = 0.9034, respectively. These two quasi-particle weights indicate that j = 7/2 states are weakly correlated while j = 5/2 states moderately correlated analogous to Pu 5f states in PuGaO 3 .
In contrast to PuGaO 3 , the imaginary part of the impurity Green functions for Ce 4f j = 5/2 and j = 7/2 states shown in Fig. 8a, b indicate that both components exhibit insulating characteristics, which is consistent with j = 5/2 and j = 7/2 orbital-projected DOS plotted in Fig. 10b .
The hybridization functions for Ce 4f j = 5/2 and j = 7/2 states includes four regimes, i.e., − 7.0 to − 3.0 eV, − 2.5 to 1.5 eV, 2.0-6.5 eV and 7.0-10.0 eV, as shown in Fig. 9 . For these energy regions, Ce 4f electrons strongly hybridize and/ or mix with spd electrons except the energy interval of − 2.5 to 1.5 eV, which is in agreement with the spectrum function shown in Fig. 10a . The total density of state (DOS), Ce 4f orbital-projected DOS, spd orbital-projected DOS and Ce 4f j = 5/2, j = 7/2 PDOS are shown in Fig. 10a, b . spd electrons dominate in the energy intervals of − 10.0 to − 3.0 eV in the valence band and − 1.0 to 10.0 eV in the conduction band. Ce 4f electrons strongly hybridize and/or mix with spd electrons between − 1.0 and 6.0 eV in the conduction band. For CeGaO 3 system, an interesting problem concerns the band gap between the conduction band and the localized Ce 4f peak. As pointed out by Ren et al. [22] , the band gap in DFT + DMFT spectrum function could be defined as the energy difference between the half-maximum of the lowest occupied 4f state and the vacant conduction band, this definition gives the band gap of about 2.7409 eV for CeGaO 3 , indicating that this system belongs to a semiconductor with a large band gap, which is consistent with local spin density approximation plus U (LSDA + U) calculation of Hasni et al. [27] . The observation that the band gap in this work is somewhat smaller than that of Hasni et al. [27] originates from the fact a larger Hubbard parameter U and ferromagnetic (FM) order employed in their work, which might widen the band gap between the valence band maximum (VBM) and the conduction band minimum (CBM).
As shown in Fig. 10a, b , two coherent quasi-particle 4f peaks centered at around − 1.0 eV and 2.0 eV mainly originate from Ce 4f j = 5/2 states, while the resonance peak centered at 2.5 eV arises from Ce 4f j = 7/2 states with admixture of spd states. Additionally, two satellite peaks centered at around 3.5 eV and 4.8 eV, corresponding to Ce 4f j = 5/2 and j = 7/2 components, respectively, might arise from transfer of the spectrum weight and the hybridization of Ce 4f electrons with spd electrons. As shown in Fig. 10a, b , there exists no electronic occupancy in the vicinity of the Fermi level, while a sharp quasi-particle peak corresponding to Ce 4f j = 5/2 states is centered at around − 1.0 eV, exhibiting the remarkable localization of Ce 4f electrons, which is good agreement with occupancy probability summarized in Table 1 and Fig. 11 , however, in sharp contrast to the dual localized and itinerant characteristics of PuGaO 3 shown in Table 1 and Fig. 4a , b. To this end, 4f electrons in CeGaO 3 are essentially in a localized state.
The occupancy probability for 4f n (n = 0, 1, 2 and 3) atomic configurations are summarized in Table 1 and Fig. 11 .
From the occupancy probability listed in Table 1 one can see that Ce 4f electrons in CeGaO 3 have almost only 4f 1 configuration (about 90.0%) with an average 4f occupancy of n f ≈ 1.0858. This result establishes that Ce 4f electrons in CeGaO 3 is essentially in a localized 4f 1 state, and its average 4f occupancy is close to the nominal occupancy of elemental Ce.
In order to directly compare with experimental ARPES spectrum, we also evaluate the momentum-resolved electronic spectrum function, as shown in Fig. 12 . The bright stripes centered at around − 1.0 eV and 2.0 eV correspond to the quasi-particle peaks below and above the Fermi level in Fig. 10a, b , respectively, while the orange stripe centered at around 2.5 eV actually corresponds to the resonance peak resulting from Ce 4f states with admixture of spd states.
Conclusions
We perform a first principles calculation on the electronic properties of XGaO 3 (X = Pu, Ce) compounds using a manybody method merging density functional theory (DFT) with dynamical mean field theory. We find that PuGaO 3 is in a mixed-valent state with an average occupation of 5f electrons n f = 4.6695 due to the quantum superposition of 5f 4 and 5f 5 atomic configurations in the ground state, and simultaneously exhibiting the dual localized and itinerant states. CeGaO 3 result shows that it is a semiconductor with a band gap of about 2.7409 eV, and its 4f electrons are essentially in a localized 4f 1 state with an average occupation of 4f electrons n f = 1.0858. In principle, the electronic-scale mechanism for different electronic characteristics is that Pu 5f and Ce 4f electrons in PuGaO 3 and CeGaO 3 have different localization strengths, and j = 5/2, j = 7/2 states exhibit different correlated regimes in these two correlated systems. An observation that PuGaO 3 as a mixed-valent compound promotes us to further studying the effect of external environmental factors, such as pressure, temperature and doping, on the electronic, mechanical and lattice properties, and the delicate phase stability of Pu-and Ce-based correlated systems. These promising findings might shed more light on its potential application in disposal of the weapon-grade Pu-Ga alloy and nuclear reactor fuels. 
